Vehicle routing is a key instrument to manage and control animal disease outbreaks. This paper focuses on an efficient, user-friendly and automatic procedure to manage transportation logistics to and between farms in the case of an outbreak. This procedure can be embedded into a veterinary geographical information system for the management and control of disease outbreaks. The transportation logistics for the problem at hand can be divided into two main transportation categories: (i) round itineraries, which are special cases of the travelling salesman problem, and (ii) one-to-one itineraries. Attention is given to the use of user-friendly, heuristic yet efficient algorithms for the determination of these itineraries. It is furthermore shown that the procedure is developed in such a way that the identified routes meet both national and international regulations in force during disease outbreaks.
Introduction

10
Both contagious as well as non-contagious vector-borne diseases can lead to 11 enormous economic losses, see for instance the 1997-1998 outbreak of Classical
12
Swine Fever in The Netherlands [Meuwissen et al., 1999] Zealand) and private companies (e.g. Vet-geoTools currently being developed by 8 Avia-GIS, Belgium). The integration of field disease data, environmental data 9 and remotely sensed derived products within a veterinary Geographical Informa-10 tion System (GIS) contributes to the understanding of the disease epidemiology 11 during peace time, and when applied during a state of crisis, helps to manage 12 the outbreak more rapidly ([Hendrickx et al., 2004] , [Rizzoli et al., 2004] [Pinzon et al., 2005] ). However, veterinary GISs are rarely 15 used in operational decision making [Hendrickx et al., 2004] . 16 An important task for the government during a disease outbreak is to elim- Nowadays, scheduling of the routes is mostly set up by hand following a 26 predetermined scenario, which is very time-consuming. In addition, the sched-27 ules may suffer from unavoidable human weaknesses and may therefore be sub-28 optimal. Hence, this paper focuses on the use of an automated procedure, 29 which identifies minimal cost vehicle routes that try to avoid a potential disease 30 spread. By integrating this scheduling into Vet-geoTools, which can access fre-31 quently changing field data, disease outbreaks can be managed more efficiently 1 and rapidly. Two major vehicle routing types can be distinguished: round 2 itineraries, whether or not capacitated, that visit several farms in one round 3 and one-to-one visits that collect goods at a particular farm and directly deliver 4 these at a depot.
5
This paper is organized as follows. Section 2 divides the scheduling prob-6 lem into two subproblems for which suitable existing algorithms are identified 7 and described in the corresponding subsections. Section 3 describes the specific 8 precedence constraints and the identification of the schedules for round trans-9 ports, in particular the non-capacitated veterinary visits and the capacitated 10 milk collection rounds, whereas Section 4 describes the needs and the identi-11 fication for the one-to-one transports, in particular the collection of cadavers.
12
These schedule identification tasks were performed on the basis of an existing 13 road map and a real-life scenario of a historical disease outbreak for which the 14 quarantine, surveillance and free zones were delineated. 
Suitable algorithms for transportation management
16
In essence, the problem of identifying a feasible schedule or route for each 17 of the above-mentioned types of vehicle movement depends upon two subprob-18 lems: first, a route of minimal risk needs to be identified between two possibly 19 subsequent locations in the tour, and second, based on these routes, a feasible 20 schedule needs to be identified. 2.1. One-to-one minimum path finding problems
22
The first subproblem can be considered as belonging to the group of one-23 to-one minimum path finding problems. An overview of heuristic algorithms 24 for this type of problems is given by Fu et al. [2006] . According to them, 25 the A* algorithm [Hart et al., 1968] could be of several orders of magnitude [Fu et al., 2006] . Nevertheless, its 6 implementation is more complex due to the fact that a hierarchical road network 7 consisting of an undetermined number of layers has to be identified out of a real 8 road network and the search transition between the hierarchial layers needs to 9 be controlled [Car and Frank, 1994] . Therefore, given the specific properties 10 inherent to the two different types of transportation, the A* algorithm (see 11 Section 2.3) was selected in order to find the one-to-one minimum path for 12 the capacity and veterinary-related transportation problems. The A* algorithm 13 was used hierarchically based on a two-level road network, i.e. one level for the 14 main roads, highways, etc., and a second level for the smaller roads, in order to 15 determine the route for transportation of for instance cadavers. 
The travelling salesman problem
17
The second subproblem belongs to the group of travelling salesman problems, 18 which can be easily formulated but are difficult to solve. Suppose a salesman 19 has to visit N predefined cities in order to sell his products, the problem is then 20 to identify the shortest tour that visits all cities exactly once whilst starting and 21 ending in the same city. As shown by Garey and Johnson [1979] 
11
In order to avoid parameter tuning and modifications, which is a drawback of is determined based on a graph G = (N, E, W ) with N the set of nodes. The set 30 of nodes is composed of the location of veterinarians' practices, milk factories, 1 the farms to be visited and the road crossings, and each node has a corresponding 2 risk level associated with the zone, i.e. quarantine, surveillance or free, it is 3 situated in. The set E contains the edges between the different nodes and has 4 a distance and maximum allowed velocity associated to it defined as a weight 5 w ∈ W . The A* algorithm starts from the start node and calculates for every 6 adjacent node n i a cost:
with L i the cost to travel from the start node n o to node n i and a i,d the heuristic 8 value of the estimated travel cost from node n i to the destination node n d . In 9 a next step, the node n j with minimal F is selected as the next node along the 10 path. The algorithm then continues by calculating F for every adjacent node 11 to n j , and selecting the node with minimal F out of all already visited nodes 12 which do not take part in the path and so on. 
20
The problem can be formulated as the minimisation of the following objective 21 function:
with b ij ∈ {0, 1}, and b ij = 1 if one travels from node n ′ i to node n ′ j with the 23 following constraints:
Condition (3) annealing [Kirkpatrick et al., 1983] . The algorithm starts with a randomly se- function (2) is calculated and compared to the value for S c :
If ∆f ≤ T with T an adaptive threshold value, S n is accepted as the new 17 schedule. It is important to note that values of T different from zero enable 18 the algorithm to escape from local optima in order to be able to achieve better the set of nodes, E ′′ the set of edges e ij from nodes n i to n j if travelling from n i 4 to n j is allowed given the travel cost and capacity, and W ′′ the set of weights w ij 5 equal to the travel costs from n i to n j . Furthermore the costs and capacities to 6 pick up or deliver at the nodes are taken into account. In order to use the cost 7 of the possibly divided schedule, Split is embedded into Threshold Accepting. 2 to 55 farms (see Table 1 ) identified on the basis of a real-life data set. It was is found irrespective of the maximum number of iterations from which can be 10 concluded that schedules close to optimality will be identified if a maximum 11 number of iterations equal to 100 is used. Therefore 100 iterations were used 12 throughout the rest of the study.
13
Influence of the penalties for entry in zones of higher risk. the path-finding algorithm will initially search for paths with a length lower than 21 the penalty which may result in a high CPU time. Given these considerations,
22
a first choice of penalty can be half the circumference of the respective zones.
23 Table 2 lists the radii of the zones as imposed for classical swine fever and the 24 penalties (distance-and time-based) that were used throughout this paper for 25 these radii. Figure 2 shows the tour for a veterinarian when no penalty is added equipment is used, it is assumed that disinfection always occurs whenever the 10 vehicle leaves the quarantine zone and therefore no penalty is added. Figure 3   11 shows the difference in route for a veterinarian if a fixed (a) and mobile (b) 12 disinfection unit is assumed. In case of fixed disinfection units the route is 13 changed so that it passes through the indicated location. However, certain restrictions, similar to those of veterinary visits, are imposed.
18
The factory first collects milk from dairy farms located outside the surveillance 19 and quarantine zones. Farms located in surveillance zones then take priority over 20 farms in quarantine zones, which are visited last. This implies that condition (5) 21 is changed to:
for travelling from node n ′ i to node n For each existing trip, the A* algorithm was first used to identify the one-
13
to-one shortest paths and penalties as listed in Table 2 were applied for entry 14 in the quarantine and surveillance zones and disinfection. It was furthermore 15 assumed that disinfection locations were indicated in advance (fixed positions).
16
Based on these one-to-one shortest paths, the Threshold Accepting algorithm 17 was used to reorder the trip as to minimise its duration. 
Identification of a new schedule with new trips
27
In order to identify a new schedule, all farms that are customer of the given 28 milk factory are involved in the re-determination of the trips. The A* algorithm 29 is initially used to identify the one-to-one shortest paths taking into account the 1 aforementioned conditions. It was also assumed that disinfection locations were 2 fixed. The weights of these resulting paths were then stored in a weight matrix 3 used as a basis for the Threshold Accepting algorithm. As constraints can be 4 added given a maximum duration and/or load capacity, the Split algorithm is 5 also used in order to break the schedule into several shorter trips. Table 5   6 gives an overview of the schedule divided into trips for which a maximum load Split can also be used. Table 6 shows the trip costs of a schedule that has been 20 broken down into trips with a maximum duration of respectively 12 h and 5 h 21 and a maximum load capacity of 20000 ℓ. The load to be collected for each trip 22 is presented as well. Table 6 shows that both requirements have been fulfilled.
23
For the maximum trip duration of 12 h, it can be seen that none of the trips lasts 24 longer than 5.5 h, from which it can be concluded that the maximum capacity With respect to the collection of cadavers and similar transports, the trans-3 portation is in essence a one-to-one transportation: cadavers are collected at 4 the farm and directly transported to the destruction company. Therefore, the 5 A* algorithm is used to identify the optimal route that fulfills several subsequent 6 conditions:
7
• If the transportation leaves the farm, the vehicle is disinfected. However,
8
if this is impossible due to logistic reasons, the closest disinfection location 9 is used. In its trip to the closest disinfection location, passing near non-10 infected farms is discouraged.
11
• The transportation then continues to the closest highway or principle road 12 and avoids non-infected farms and the unnecessary entry of quarantine or 13 surveillance zones.
14
• The transportation then stays as long as possible on the highway or prin-15 ciple roads.
16
• The route from the highway to the destruction company avoids passing 17 near non-infected farms.
18
In order to fulfill these requirements, the A* algorithm is used hierarchically, If the vehicle can be disinfected at the farm itself, the shortest (fastest) route 9 that meets the requirements to the nearest highway or main road is identified.
10
However, if the vehicle cannot be disinfected on the farm, the closest disin-11 fection location is identified, and the shortest (fastest) route to this location 12 is calculated first, subsequently the shortest (fastest) route to the highway or 13 main road is determined. Figure 4 shows the path for a cadaver transportation problem. Computers and Operations Research, 31:1985 -2002 , 2004 . 
